Stiction failures in microelectromechanical systems (MEMS) occur when suspended elastic members are unexpectedly pinned to their substrates. This type of device failure develops both in fabrication and during device operation, being a dominant source of yield loss in MEMS. Stiction failures require first a collapse force that brings the elastic member contact with the substrate followed by an intersolid adhesion sufficiently large to overcome the elastic restoring force. Stiction failure mechanisms have been studied extensively elsewhere [1] . This paper briefly summarizes these mechanisms in a the practical way. Over the last decade, stiction failure rates in MEMS have been minimized using a wide variety of processing, surface treatment, and physical schemes. An update of these methods is provided.
I. INTRODUCTION
Microelectromechanical systems have a wide variety of applications performing basic signal transduction operations as sensors and actuators. Suspended micromachined structures such as plates and beams are commonly used in the manufacturing of pressure [2] [3] [4] [5] and acceleration sensors [6, 7] . MEMS components have relatively large areas, but very small stiffness. At the same time they are fabricated a few microns off their supporting substrate. The combination of these characteristics makes MEMS devices very susceptible to surface forces [8] which can deflect the suspended members toward the substrate. If the deflection force is sufficiently strong, the elastic member can contact with and permanently adhere to its underlying substrate causing a device failure. This can happen both during the device fabrication and normal use.
During processing, adhesion can occur when the suspended member is exposed to an aqueous rinse and dry cycle. Since the device-to-substrate gap is so small, strong attractive capillary forces can develop during the dehydration causing its collapse and subsequent pinning to the substrate [9] . The same collapse can develop when the device is exposed to high humidity conditions leading to capillary condensation [10, 11] . A third yet possible adhesion failure mode develops if the suspended member is placed in contact with its substrate by external forces. This may be done by the deliberate placement of a collapsing force or by accidental shock. The pinning process is hence divided into (a) mechanical collapse and (b) adhesion to the substrate. In practice, either or both mechanisms can be eliminated if stiffness of the microstructure is high enough. The presence of a failure threshold is readily observed experimentally by constructing an array of progressively weaker suspended elements followed by examination of the sticking condition. Figure 1 (a) shows a photographs of an array of micromachined polysilicon cantilever beams showing clearly the onset of the pinning condition at a particular beam detachment length. This paper very briefly summarizes these phenomena and reviews techniques used to prevent or eliminate stiction failures.
II. MECHANICAL COLLAPSE BY CAPILLARY FORCE
The behavior of elastic structures under capillary forces such as those developed under fabrication, has been studied in [12] . Here, as an illustrative example, we analyze the simplified lumped elastic structure of Figure 2 in which the plate represents the suspended member surface, the spring its stiffness, and the gap the distance between the member and the substrate. This simplified structure proves useful in understanding the mechanical stability of the suspended member rigid circular plate of radius r o is suspended above a substrate. The substrate is fixed, and the top plate is attached to a spring of constant κ. If the weight of the plate is negligible, the original plate separation is z h when the spring is relaxed. A liquid bridge of volume V l is trapped between the plate and substrate. In order to simulate the drying process, the equilibrium positions assumed by the plate as the liquid is gradually removed are considered. Initially, the liquid spreads to a radius r l with a volume V l π r 2 l z. The maximum volume that the liquid assumes without overflowing is V o π r 2 o h. The total energy is
where U S is the surface energy of the spring-plate-liquid system, U S o is a constant, and θ c is the contact angle. The equilibrium plate spacing minimizes U T . Figure 2 arrows show the direction of the equilibrium trajectories.
In Figure 3 
The analysis of the simple spring-plate-liquid system shows (a) a bifurcation of the equilibrium trajectory, and (b) a non dimensional parameter which determines its final free/pinned state. These characteristics are also present in continuous elastic structures. In [12] , expressions for the elastocapillary numbers for continuous elastic beams and plates have been calculated using a variational energy approach that includes the elastic, potential, and surface energies.
III. PINNING BY CONTACT ADHESION
The second phenomena required to produce the failure is an intersolid adhesion that can overcome the restoring force of the elastic member. For example, consider Figure 4 E. The beam is adhering to its substrate a distance d
from its tip. The total energy of the system is the sum of the elastic plus surface energies
where the first term is the bending energy stored in the beam, and the second is the interfacial energy of the contact area. is very small, the tip of the cantilever pivots changing its elastic energy substantially just before detachment. This causes the beam to detach from its substrate [13] when l s
therefore we can define a peeling bound, N P such that the beam remains in contact with the substrate for N P 1 and free for N P
Thus
r o are the member length, width, and radius. Figure 5 shows an example experimental plot of the effectiveness of the bound for polysilicon beams. Surface energies have been determined from the slope of the plot. Surface energies ranging between 100-300 mJm 2 have been measured for polysilicon microstructures [12] .
While these bounds are useful for detecting the onset of adhesion-related failures in MEMS devices, many practical devices require dimensions that fall within the failure range. This is one of the motivations for developing thicker structures using LIGA-type processes. A number of schemes have been developed to alleviate the pinning failure both during the fabrication and device operation. These schemes are directed toward both the elimination the collapsing force and the reduction of the intersolid adhesion. (a) 1 4 slope = (
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A. Freeze-Drying Methods:
The rinse solution can be removed by freezing the solution and sublimation. The freezedrying [14] [15] [16] technique can be used to eliminate the capillary pull by freezing the sample and then exposing it to a heated vacuum environment. This was first applied to the release of MEMS devices by Guckel and Burns [9] . A well known disadvantage of the freeze-drying method is the fact that the rinse solution can undergo a significant volume change. This volume change can create a stress sufficient to destroy the sample. The above authors used a cryoprotectant rinse solution consisting of a mixture of methanol and water that minimized the volume change. A similar process was developed by Takeshima et al. [17] by replacing the rinse solution through a gradual series of dilutions with t-butyl alcohol which freezes at 25.6 Ch . The freeze-drying technique is now rarely used and has been replaced by the more successful supercritical drying technique described below.
B. Supercritical Drying:
Another method of eliminating the capillary pull is by the use of supercritical drying techniques. In this technique, the rinse solution is gradually replaced by liquid CO 2 at elevated pressures inside a high-pressure chamber. The sample is then taken to the critical point of CO 2 where the interface between the liquid and gas does not exists. The technique is highly successful with nearly 100% yields [18] . Commercial supercritical drying equipment has been available for more than 20 years [19] for small samples, and large scale equipment for wafer sized samples is now commercially available. The main difficulty with the technique resides in the safety considerations because of the very high (i 72 Atm) pressures required to take the samples to the critical point; therefore safety precautions are required.
C. Dry Etching:
A number of schemes have been proposed which are based on dry etching of the sacrificial layer. This operation is often difficult if the sacrificial layer is silicon based (such as silicon dioxide) because it requires strong etchants that do not have good selectivities with respect to the suspended element material. Vapor-phase HF etching [20] at elevated temperatures [21, 22] has been often used for this purpose with a high rate of attack of silicon nitride films. The structure can also be easily released by plasma etching if the sacrificial layer is silicon [23] .
A more successful series of techniques are based upon the replacement of the sacrificial layer with a weaker solid that can be later removed by a harmless dry etching. These schemes involve primarily the replacement of sacrificial layers with plastics that can be then be etched using O 2 plasma or ozone which are harmless to silicon-based materials. Techniques based upon the use of p-xylylene supports ( Figure 6 ) [24] solution with resist through a series of dilutions was developed by Orpana and Korhonen [25] .
Other techniques include the replacement of the rinse solution with monomers that polymerize in a short time as well as plasma-polymerized fluorinated plastics [26, 27] .
D. Liquid Bridge Cleavage:
The strong capillary pull causes the microstructure collapse because as the rinse solution is removed, the liquid volume concentrates near the weakest central part of the suspended member. The impact of the capillary pull may thus be reduced if the liquid droplet is concentrated near the anchors instead. Recently, Abe et al. [28] exploited this idea in a very ingenious way. The technique makes use of a sharp corner patterned near the weakest point in the structure. As the liquid is removed, this corner breaks the liquid bridge into two separate droplets that tend to reside near the suspended structure anchors, where the impact of the capillary pull is minimal. Using this method, very long double-supported beams can be freely released without the need of the techniques described above.
E. Hydrophobic Coatings:
The capillary pull can become a push if the contact angle is made larger than 90 h . The contact angle of aqueous solutions on SiO 2 and Si surfaces was studied by several researchers [29] [30] [31] [32] . Oxidized surfaces are hydrophilic with contact angles ranging from 0 £ 39h depending on the type of oxide and surface treatment. Bare silicon surfaces obtained by the removal of native oxide using HF are hydrophobic. The hydrophobicity has been attributed to possible hydrogen groups [33] attached to the silicon. Contact angles [29] as high as 78h have been reported; however, the native oxide is known to regrow in both water and when exposed to air [34, 35] ; thus complete hydrophobicity is difficult to achieve. In order to accomplish a higher contact angle, a chemical change in the surface of the suspended member is required. Recently, a number of well-known [36] hydrophobic self-assembled monolayers (SAM) have been grown on silicon surfaces with successful results [37, 38] . These layers are based on the silanization of silicon surfaces with organic groups by treating the surface with octadecyltrichlorosilane (OTS) precursor molecule (C 18 H 37 SiCl 3 ). The procedure first involves the replacement of the aqueous rinse with an organic solvent though a series of dilution steps. The SAM is next grown, and then the solvent is replaced by water through the reverse series of dilutions. Because the silanized surfaces have a very high contact angle (i 114h ), at this stage the water recedes from the surfaces resulting in a sample that emerges dry from the rinse. Cantilever beams at least as long as 1000 µm long were successfully released using this technique with beams as long as 400 µm passing the "in-use" stiction contact test. Recently Srinivasan [39] improved the quality of the release method using perfluorinated alkyltrichlorosilanes SAMs formed with FDTS (C 10 H 4 F 17 SiCl 3 ). These improved fluorinated coatings produced 600 µm long released cantilever beams, and they can withstand high-temperature environments for extended periods of time.
F. External Release Force:
This technique uses an external force to free a pinned suspended member. Samples which are pinned to the substrate can often be freed by the application of a small shear force (often by using a probe tip). A practical implementation of this scheme has been developed [40] . The technique involves the construction of a wire on top of the suspended member. An upward force can then be generated during electrical testing by discharging a capacitor through the wire in the presence of a magnetic field as shown in Figure 7 . The technique has been successfully applied to the release of beams and plates with 100% yields with typical discharges of 0.5 µC. The main difficulty with the Lorentz force technique is in the construction of the wire which may cause unnecessary warping of the suspended member. The technique is also useful to electrically determine whether a microstructure is pinned or freed by examination of the wire IV curve. Recently, Kaajakai and Lal [41] have developed a technique for releasing pinned structures with a high-frequency ultrasonic pulse. This is done by placing a PZT transducer in close contact to the wafer backside. Although the exact mechanism is not yet known, long cantilever beam structures have been successfully released with relatively low actuator voltages. The technique is attractive because it could potentially permit the release of all pinned structures on an entire wafer.
V. REDUCTION OF INTERSOLID ADHESION
A permanent elimination of the adhesion failure requires the reduction of the intersolid surface adhesion. Several techniques have been developed toward this goal. The main ones are listed below.
A. Use of Textured Surfaces and Posts:
The adhesion force can be readily reduced if the contact area between the elastic member and the substrate is reduced. In practice, this can be accomplished by texturing the contact surface. This may be done through the generation of a rough interface [42, 43] . Yee [43] reported an increase in the detachment length of approximately two by the oxidation and dry etching of a polysilicon supporting surface. The texturing can also be deliberately introduced by constructing a periodic array of small supporting post, commonly known as "dimples". These supports are constructed by etching small indentations into the sacrificial layer before the deposition of the suspended member as shown in Figure 8 causing the formation of a protrusion in the structural layer. This method was first used by L. S. Fan [44] for the construction of a micromotor, and later applied to comb drives [45] . The force required to detach a semi spherical dimple of radius R is [46, 47] 
thus it becomes zero as R 0. Furthermore, the dimple approach benefits from the fact that in general the suspended member will be supported by only three posts. This technique is very simple but it suffers from two drawbacks.
First, the dimple method cannot be applied for microstructures with flat surfaces as required in many transducer designs. Second, the adhesion of the dimple is often larger than that anticipated by Eq. (6) when drying out the sample. This is believed to be associated with the formation of an often visible solid bridge of SiO 2 as the water evaporates [34] . 
B. Low-Energy Monolayer Coatings:
These coatings are the same hydrogenated and OTS-type monolayers discussed above. If their intersolid adhesion energy is sufficiently low, this option is very attractive since it eliminates both failure originating mechanisms. Recently, Houston et al. [38] performed contact tests in silicon microstructures with surfaces that were terminated with hydrogen bonds, and coated with OTS self-assembled monolayers. Preliminary tests suggested that cantilever beams as long as 1000 µm-long exhibited about 50 % sticking probability on OTS-coated samples after they are brought in contact with the substrate. These films have been reported to show an extremely low effective adhesion energy (3 µJmk 2 ).
The main difficulty associated with many of these films is their extreme fragility. Because the SAM films are extremely thin (l 2.5 nm), they have a high tendency to degrade at elevated temperatures [38] . The aging behavior of hydrogen terminated surfaces has also been observed by Houston et al. [48] indicating that these surfaces chemically react with contaminants over time. The recently developed fluorinated SAM films by Srinivasan [39] show better degradation resistance. Monolayer films remain effective inside sealed, controlled environments at thermal equilibrium where degrading reactions cannot take place, and any vaporization is henceforth followed by a redeposition. Similar monolayer films are currently used in sealed deformable mirror displays under this strictly controlled environment [49] .
C. Fluorinated Coatings:
Fluorinated hydrocarbon coatings consisting of CF x chains have very low surface energies; hence they are likely candidates coatings for the reduction of intersolid adhesion. TFE-like layers can be grown in many different ways [50] . A common way to grow these films is by plasma polymerization [51] [52] [53] . Often the growth of these films is highly directional with most of the growth occurring in the surfaces exposed to the plasma [27] . In order for these films to be effective, the film must be capable of growth under a covered surface.
Fluorinated films can also be grown at a much reduced rate in zones which are not directly exposed to the plasma [54] . In this regime, the deposition rate is a diffusion-limited process which is not subject to the rapid decay of the plasma density resulting in a much more uniform deposition. This idea has been recently exploited by Man et al. [55, 56] to deposit near conformal TFE-like films in silicon microstructures. Using this technique, the deposition takes place inside a Faraday cage that prevents the plasma from reaching the sample as shown in Figure 9 n C in atmospheric conditions. The films remain hydrophobic even at very high temperatures and display little wear even after 10 7 contact cycles.
Of all the above adhesion prevention methods, the low-energy coatings are the most effective and reliable. The monolayer technique is especially attractive in the sense that it solves both capillary pull and adhesion problems with only one application, but it requires a sealed package to maintain the long term monolayer integrity. Thicker films are more robust and can survive atmospheric conditions for many years but these require the use of a complementary technique to eliminate the capillary pull during the device fabrication. Perhaps the best solution is a combination of both techniques.
VI. SUMMARY
This paper briefly reviews the causes for stiction failures in suspended microelectromechanical systems. These failures originate from the presence of a collapsing force which may be external or originated by capillary forces when the suspended part is exposed to a liquid. This is then followed by a strong intersolid adhesion capable of overcoming the elastic member restoring force. The behavior of the microstructure under these two phenomena is qualitatively described. Several practical techniques for the elimination of the collapsing force and the intersolid adhesion are discussed.
